Abstract. Progesterone plays important roles in the regulation of female reproduction. In this study, progesterone receptor (PR) mRNA levels in rat uterus during pregnancy, labor, lactation and the estrous cycle were examined by competitive RT-PCR. During pregnancy and lactation, PR mRNA levels had decreased on day 20 of pregnancy (P20) and P21 compared with P15 but increased during labor. After a decline on day 1 of lactation (L1), PR mRNA levels had increased again on L3 and L14 compared with P15, P18, P20, P21 and P21pm (at 2200-2300 h on P21). There was no significant change in the PR mRNA level during the estrous cycle. The PR mRNA level did not change during 1 week of progesterone treatment or afterwards. Injection of 17β-estradiol did not affect PR mRNA levels in rats treated with progesterone or those without any injections. In rats on P18, 17 β-estradiol injection did not change PR mRNA levels after sham-operation but induced an increase in PR mRNA levels of rats ovariectomized 6 h before the treatment. These results suggest that uterine PR mRNA levels are differently regulated during late pregnancy, labor and lactation, and during labor estrogen is one of the essential factors for the increase in PR mRNA levels.
rogesterone plays important roles in the regulation of female reproduction, and the actions of progesterone are mediated through transcription-regulating intracellular progesterone receptors (PR). Three PR isoforms PR-A, PR-B and PR-C, originating in the same gene have been reported [1] . PR-A and PR-C are truncated forms of PR-B, and PR-A and PR-B arise from a different transcriptional start site [2] . PR mRNAs are expressed in the ovary [3, 4] , uterus [5, 6] , pituitary [7] [8] [9] and brain [9, 10] .
In the uterus, progesterone is involved in uterine proliferation and differentiation for implantation in early pregnancy and the maintenance of pregnancy [11] . In late pregnancy, the decline in the plasma p r og es t er on e c on c e n t r at io n i s c on si d e r ed impo rtant for parturition in rats . We have previously reported that oxytocin receptor (OTR) mRNA expression increases in late pregnancy and during labor in rat uterus [12] . In addition, progesterone suppresses the stimulatory effect of estrogen on OTR inductio n in the uterus of ovariectomized rats. The uterine OTR mRNA was unchanged if estrogen was administered on day 18 of pregnancy but increased after ovariectomy [13] . Furthermore, the anti-progesterone reagent, RU486, increased OTR mRNA levels on day 15 of p r e g n a n c y [ 1 4 ] , s o t h at r e g u l at i on o f t h e progesterone action appears to be important for the onset of parturition. During lactation plasma pr og est er on e l ev el s ar e a lso h i gh be ca use postpartum ovulation occurs and functional corpora lutea are maintained through lactation.
Accepted for publication: July 22, 2003 Correspondence: T. Murata (e-mail: muratat@fmsrsa. fukui-med. ac.jp) But, although PR mRNA levels during lactation have not been examined, the role of progesterone in uterine function is unclear. In addition, estrogen and progestin are key factors regulating PR expression. Estrogen increased PR mRNA in the uterus of sheep [15] and rats [5] , in the mammary gland of mice [16] and in human breast cancer MCF-7 cells [17] . Progestin decreased PR mRNA expression in a human breast cancer cell line, T47D cells [17 , 18] . Therefore, to understand the regulation of PR expression in rat uterus, this study was conducted to measure PR mRNA levels from late pregnancy to lactation and during the estrous cycle and to determine the effect(s) of estrogen and progesterone on PR mRNA levels in the uterus in ovariectomized virgin rats and pregnant rats.
Materials and Methods

Animals
Adult female Wistar rats (body weight 180-220 g) were obtained from Japan SLC (Hamamatsu, Japan) and were kept in an environmentallycontrolled room (temperature 23 ± 3 C; lights on 0800-2000 h) with free access to tap water and pelleted rat food (NMF; Oriental Yeast Co. Ltd., Tokyo, Japan). Animal care, maintenance and surgery were approved by the Animal Care and Use Committee and were conducted according to Guidelines for Animal Experiments, Fukui Medical University.
Exp. 1. PR mRNA in the uterus during pregnancy, labor, lactation and the estrous cycle
The estrous cycle was monitored by vaginal smears taken each morning (0900-1000 h). Proestrous females were mated with conspecific males housed under similar conditions, and the following day, when spermatozoa were present in the vaginal smear, was designated as day 1 of pregnancy. Day 0 of lactation was determined as the day of pups delivery. In this Wistar strain housed under our laboratory conditions, 70-75% of mothers delivered on day 22 of pregnancy and the rest on day 23. The cyclic rats were killed at 1000-1130 h on metestrus (M), diestrus (the day after metestrus, D), proestrus (Pam) and estrus (E) and at 1600-1630 h on proestrus (Ppm). The pregnant and lactating rats were killed by decapitation at 1000-1030 h on days 15 (P1 5), 1 8 (P1 8), 2 0 (P20 ) and 21 (P21) o f pregnancy and at 2200-2230 h on day 21 (P21pm) of pregnancy, during labor and at 1000-1030 h on days 1 (L1), 3 (L3), 7 (L7) and 14 (L14) of lactation. The uteri were collected and frozen at -70 C until RNA extraction.
Exp. 2. Effect of 17β-estradiol on PR mRNA levels in the uterus of steroid-treated OVX virgin rats.
To mimic the milieu before ovulation after luteolysis, estrogen was injected into rats with oneweek implantation of progesterone-containing silicon tubes (but removed 6 h before the estrogen treatment). Virgin rats were ovariectomized under ether anesthesia two weeks before the steroid treatments and then divided into 6 groups (Groups I-VI, n=5, Table 1 ). Silicon tube (od, 3 mm; id, 2 mm) was filled with crystalline progesterone (Nacalai Tesque Inc., Kyoto, Japan), sealed with silicon glue a nd incubated with phosphatebuffered saline (pH 7.4) for 48 h. Groups I and IV were implanted with three 30 mm empty tubes (Day 1). Groups II, III, V and VI were implanted with three tubes containing progesterone (Day 1). All the rats were then anaesthetized with ether at 1100-1130 h on Day 8, and the tubes were removed from the animals in Groups I, III, IV and VI but not from those in Groups II and V. The rats in Groups IV-VI were given a subcutaneous (s.c.) injection of 17β-estradiol (E2, Nacali, Japan, 12.5 µg in 0.2 ml sesame oil) at 1700-1730 h on Day 8, and the rats in Groups I-III received vehicle. All the rats were killed by decapitation at 1100-1200 h on Day 9 and uteri were collected and frozen at -70 C until RNA extraction.
Exp. 3. Effect of 17β-estradiol on PR mRNA levels in the uterus of OVX pregnant rats.
To mimic the milieu before labor, ovariectomy w a s p e r f o r m e d to d e c r e a s e t h e p l a s m a progesterone levels on day 18 of pregnancy followed by estrogen injection. The rats were ovariectomized or sham-operated under ether anesthesia at 1030-1200 h on day 18 of pregnancy and were then given a s.c. injection of E2 (12.5 µg in 0.2 ml sesame oil) or vehicle alone at 1700-1730 (n= 5 each group). The rats were killed by decapitation and uteri were collected at 1100-1200 h on day 19 of pregnancy.
Complementary DNA synthesis
Complementary DNA syntheses were performed as described previously [10] . Briefly, uterine tissue (50-100 mg) was homogenized with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA samples were prepared according to the acid guanidinium thiocyanate-phenol-chloroform extraction method and treated with RNase-free DNaseI (Invitrogen) to exclude genomic DNA. The qua ntity o f t ota l R NA wa s a ssess ed w it h a spectrophotometer at a wavelength of 260 nm. T o tal R N A (1 µ g ) in sam pl es w as r ev ers etranscribed with 200 U SuperScript II reverse transcriptase (Invitrogen) and 10 pmol 9-mer random primer.
Construction of normal and mutant DNAs of PR and β-actin
The oligonucleotide primers for PR and β-actin are as follows: PR, 5'-CATGTCAGTGGACAGATG CT-3' (upper) and 5'-TAACTTCAGACATCATTTC C G G -3 ' ( l o w e r ) [ 1 9 , 2 0 ] ; β -a c t i n , 5 ' -CATGTCAGTGGACAGATGCT-3' (upper) and 5'-TAACTTCAGACATCATTTCCGG-3' (lower) [21] . The PCR product sizes of PR and β-actin were 430 bp and 542 bp, respectively. The set of primers for PR amplifies cDNA of PR isoforms, PR-A PR-B and PR-C, which are encoded by a single gene [1] . Each PCR product was subcloned into pGEMT easy vector (Promega, Madison, WI, USA). Mutated DNAs, used as competitors for each assay, were prepared by deleting 30-40% nucleotides in length from normal DNA. Deletion of normal DNA in PR was done by amplifying plasmid with lower primer and mutant upper primer. The mutant primer was designed to amplify DNA shorter than primary ( n o r m a l ) D N A a m p l i f i e d b y R T -P C R ( 5 ' -TGTATGAAAGT-3') and was linked with normal upper primer at 5' end (5'-CATGTCAGTGGACAG ATGCT-TGTATGAAAG T-3'). Mutant PR DNA (290 bp) amplified with mutant upper primer and lower primer was subcloned into pGEMT vectors. For deletion in β-actin, the inserted vector was digested with Eco0190I and AvaI, reacted with T4 DNA polymerase (Invitrogen) to make the both restriction sides blunt and ligated with T4 ligase (Invitrogen). Normal and mutant DNAs were amplified with M13 primer and purified with a r a pi d P C R C l ea n -u p sy st e m ( I n v i t r og e n ) . Concentrations of amplified DNAs were assessed with a spectrophotometer at a wavelength of 260 nm. Normal and mutant DNAs were used as the standard DNA and competitor respectively.
Competitive PCR analysis
All the samples and the standards in each experiment were assayed in a single run. Constant amounts of competitor DNA for PR (0.1-2 fM) and β-actin (5.5 pM) were added to all samples. The PCR amplification was carried out in PCR buffer [50 mM KCl, 2 mM MgCl 2 and 20 mM Tris-HCl, pH 8.4], with 0.2 µmol of gene-specific upper and lower prim ers an d 1 U Taq po lymer as e (A pplied Biosystems) in a total volume of 20 µl for 30-50 cycles consisting of denaturation of 94 C for 1 min, annealing at 55 C (β-actin) and 60 C (PR) for 1 min and extension at 72 C for 1 min after the initial denaturation at 94 C for 10 min. Amplification was completed with an additional extension step at 72 C for 10 min. The PCR products were separated on 2% agarose gel and stained with ethidium bromide (0.5 µg/ml). Fluorescence density was analyzed with NIH Image software. The ratio of mRNAderived DNA (normal DNA) to competitor-derived DNA (mutant DNA) in each sample was obtained and calibrated from a standard curve as the amount of standard normal DNA. The value for PR mRNA was standardized by dividing by the value for β-actin in the same sample. Data are expressed as the relative amounts (%) by dividing the value of each sample with the mean value of P15 in Exp. 1, M in Exp. 2 and the corresponding control group in Exps. 3 and 4.
Statistical analysis
The data are expressed as the mean ± SEM and evaluated statistically with one-way ANOVA followed by Student-Newman-Keuls test.
Results
Exp. 1. PR mRNA levels in the uterus during pregnancy, labor, lactation and the estrous cycle
PR mRNA levels decreased on P20 and P21 compared with P15 and then increased during labor (P<0.05, Fig. 1 ). After the decline on L1, PR mRNA levels on L3 and L14 had increased again compared with P15, P18, P20, P21 and P21pm (P<0.05, Fig. 1 ). There was no significant change in the PR mRNA level during the estrous cycle (Fig.  2) .
Exp. 2. PR mRNA levels in the uterus of steroidtreated OVX virgin rats
Since progesterone treatment for one week suppressed estrogen-induced OTR mRNA increase i n r at ute ru s [13 ] w he r eas r em ov al of th e progesterone effect 6 h before t he estrogen treatment recovered the estrogen action, PR mRNA levels were examined in the uterus of these steroidtreated rats. The PR mRNA level was not changed by the treatment with progesterone for 1 week or at 24 h after the removal of progesterone treatment compared with that in rats implanted with empty tubes. The injection of 17β-estradiol did not affect PR mRNA levels in rats treated with progesterone or in rats from which the progesterone effect was removed (Fig. 3) .
Exp. 3. PR mRNA levels in the uterus of OVX pregnant rats
Since uterine OTR mRNA was increased by estrogen administration on P18 after ovariectomy but not without ovariectomy [13] , the influence of estrogen on PR mRNA levels was examined in rats on P18 with or without ovariectomy. Injection of 17β-estradiol on P18 did not increase PR mRNA l e v e l s i n s h a m -o p e r a t e d r a t s , b u t i n r a t s ovariectomized 6 h before estrogen treatment on P18, PR mRNA was significantly increased in comparison with either vehicle-or 17β-estradioltreated sham-operated rats. (vs sham/vehicle, 
Discussion
This study demonstrated that PR mRNA levels did not change during the estrous cycle. In other binding assay-based studies, cytosolic PR increased during proestrus [22] [23] [24] [25] [26] and both cytosolic and nuclear PRs were low during estrus and diestrus [22] [23] [24] . Taken together, these results suggest that the expression of PR is primarily regulated by posttranscriptional and translational steps during the estrous cycle.
In late pregnancy, PR mRNA levels declined from day 20 of pregnancy. Progesterone is important in the maintenance of pregnancy, and the decline in plasma progesterone levels is necessary for OTR induction because progesterone treatment inhibited estrogen-induced oxytocin receptor in the uterus of ovariectomized virgin rats [13] . Therefore the decrease in uterine PR mRNA, which is consistent with the early stages in the progressive decline in plasma progesterone [27] , is likely to be involved in the disappearance of progesterone action at the end of pregnancy. The m echanism for t his dec rease remains to be determined, but the regulation in PR mRNA might be one of key factors for the onset of parturition.
Consistent with a previous report [6] , the PR mRNA level increased during labor, and declined until day 1 of lactation. Since postpartum ovulation occurs in rats and the plasma progesterone level increases followed by the preovulatory surge in Fig. 3 . Effects of ovarian steroid hormones on PR mRNA levels in uterus of ovariectomized virgin rats. Ovariectomized virgin rats were divided into 6 groups (Groups I-VI). Groups I and IV were implanted with three empty tubes, and Groups II, III, V and VI were implanted with three tubes containing progesterone (Day 1). Then the tubes were removed at 1100-1130 h on Day 8 in Groups I, III, IV and VI, but were not removed in Groups II and V. The rats in Groups IV-VI were given a s.c. injection of 17β-estradiol (12.5 µg) at 1700-1730 h on Day 8, and the rats in Groups I-III were given vehicle alone. The rats were sacrificed at 1100-1200 h on Day 9. Data are expressed as the mean ± SEM (n=5). The value for Group I was defined as 100%. There was no significant change among groups (one-way ANOVA followed by Student-NewmanKeuls test).
Fig. 4.
Effects of estrogen on uterine PR mRNA levels in ovariectomized pregnant rats. Pregnant rats were ovariectomized or sham-operated at 1030-1200 h on day 18 of pregnancy and 17β-estradiol (E) (12.5 µg, s.c.) or vehicle was administered at 6 h after the operation. The rats were sacrificed at 1100-1200 h on day 19 of pregnancy. Data are expressed as the mean ± SEM (n=5). The value for the control (sham/vehicle) rats was defined as 100%. Data labeled with different letters are significantly different from each other (p<0.05, one-way ANOVA followed by Student-Newman-Keuls test).
luteinizing hormone, this increase in the PR mRNA level may be related to the events occurring with ovulation. Nevertheless, no significant increase in the PR mRNA level during the estrous cycle was observed in this study. Therefore this seems unlikely. The anti-estrogenic reagent, tamoxifen, delayed delivery and suppressed this increase in the PR mRNA level [6] . Estrogen appears to be involved in the PR mRNA increase, but in this study estrogen injection did not increase the PR mRNA level in the uterus of ovariectomized virgin rats. Even in ovariectomized virgin rats in which tubes containing progesterone were implanted for one week and then removed 6 h before the estrogen treatment to mimic the milieu after luteolysis, the estrogen treatment did not affect the PR mRNA levels either. Furthermore, PR mRNA level was unchanged during proestrus, a stage of the rat estrous cycle associated with increased plasma estrogen levels before ovulation. It is therefore difficult to explain the increase in PR mRNA during labo r entirely on the ba sis of es tro gen and pr o g es t er o ne effe ct s , b ut i n p re gn ant rat s ovariectomized on day 18 of pregnancy, the estrogen treatment 6 h after the ovariectomy increased PR mRNA. Taken together, these results suggest that the increase in PR mRNA expression during labor is a specific phenomenon in late pregnancy and is regulated by factor(s) other than estrogen and progesterone (e.g. feto-placentaderived factor); the stimulatory effect of estrogen is necessary for the increase. We have previously reported that in OVX virgin rats estrogen receptor (ER) α mRNA levels were decreased by progesterone treatment for one week and recovered to the untreated control group level after the removal of the progesterone treatment, but ERβ mRNA levels were not changed by the pr o ge s t er o n e t r ea t m en t [ 2 8 ] . In c o n t r a s t , ovariectomy on day 18 of pregnancy increased ERβ mRNA levels without changes in ERα mRNA levels in rats [28] . Therefore, these results suggest that the increase in PR mRNA levels during labor might be mediated through the regulation of ERβ expression.
Three types of PR isoforms, PR-A, PR-B and PR-C, originating in the same gene have been reported. PR-A and PR-C are truncated forms of PR-B [1] . PR-A and PR-C have been suggested to work as inhibitors for PR-B [29] [30] [31] . But in instances where PR-A transfection increases the transcriptional activity of progesterone, PR-A did not suppress PR-B action, whereas PR-A suppressed PR-B action in the condition where PR-A transfection did not increase the activity [29, 30] . Thus PR-A not only competes with the PR-B action possibly by using limited common transcriptional co-activator or by heterodimerization of PR but also mediates the transcriptional activity of progesterone. The role of PR isoforms is still unclear and the mRNA for PR-A, PR-B or PR-C could not be distinguished by primers used in this study, but Fang et al. have reported that PR-B mRNA levels did not change in rat uterus during pregnancy [6] . Therefore it is likely that the present results also reflect the changes in the mRNAs for PR-A and/or PR-C.
During lactation, PR mRNA levels were high on days 3 and 14 of lactation compared with those on day 1 of lactation and during pregnancy. The regulation of PR mRNA levels during lactation could not be explained by the present results, but it seems to be quite different from that observed during labor. This is because plasma levels of estrogen and progesterone are low and high respectively in early lactation. Although the significance of progesterone in the uterus during pregnancy has been extensively investigated, sufficient evidence has not been provided to explain the significance of the increase in PR expression during lactation. One possibility is that progesterone action is necessary for recovery of the uterus fo r the next im plant at ion. Ano ther possibility is uterine function in the regulation of brain functions. Hysterectomy affected sucklinginduced prolactin secretion after separation from the pups in lactating rats [32] and facilitated e s t r o g e n -i n d u c e d m a t e r n a l b e h a v i o r i n ovariectomized virgin [33] and in pregnant [34] rats.
Estradiol injection increases PR mRNA in the uterus of sheep [15] , immature ovariectomized rats [5] , the mammary gland of ovariecto mized, nulliparous, pregnant but not lactating mice [16] and human breast cancer M CF-7 c ells [17] . Estradiol also increased PR immunoreactivity in mouse stroma [35] but decreased PR mRNA in the mouse uterine luminal epithelium [35] . Taken t og e t h e r w i th t h e p r e s e n t r e s u l t s , t h e s e observations suggest that the effect of estrogen on PR expression depends on the physiological state and appears to be regulated by several factors including progesterone.
In conclusion, this study demonstrated the changes in PR mRNA levels in rat uterus during pregnancy, labor and lactation. These results s ug g es t t h at u t er i n e P R m RN A l ev e l s ar e differentially regulated during late pregnancy, labor and lactation and that during labor estrogen is one of the essential factors for the increase in PR mRNA levels.
